We report ultrafast highly chirped pulses from an erbium doped, nanotube-mode-locked fiber oscillator. We generate 1.6 W average power and 11 kW peak power by seeding a fiber amplifier. This paves the way to mode-locked all-fiber master oscillator amplifiers as economic and compact sources for high-power applications, such as micromachining and laser surgery. © 2009 American Institute of Physics. ͓doi:10.1063/1.3275866͔
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fiber based CPA can work up to hundreds Js, by widening the input pulse duration up to 10 5 times. 3 However, the stretcher complicates the design, 6 eliminating the alignmentfree waveguide format, due to the use of free-space components. 6 Ultrafast fiber lasers at normal group velocity dispersion ͑GVD͒ can achieve chirped output pulses up to few hundred times the transform limited duration [7] [8] [9] [10] [11] [12] and can thus be amplified without a stretcher, offering a compact and low cost high power system. 10, 11 Saturable absorbers based on single wall carbon nanotubes ͑SWNTs͒ are promising passive mode-lockers with low fabrication cost, subpicosecond recovery time, broad operation range, low saturation power, polarization insensitivity, and mechanical and environmental robustness. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Highly chirped pulses with E = 3 nJ and P avg = 155 mW were generated using a normal GVD oscillator, 27 but with a loss of performance after a few days due to mode-locker damage.
12
P avg = 250 mW, E = 6.5 nJ were reported for SWNT modelocked pulses from a fiber oscillator, using anomalous intracavity GVD to favor solitonlike pulse shaping. 18 However, the soliton area theorem ͓E ϫ ϰ ͑␤ 2 / n 2 ͔͒ states that the product of E and pulse duration ͑͒ is fixed by the cavity dispersion ͑␤ 2 ͒ and nonlinearity ͑n 2 ͒, 28 therefore E is typically limited by the system design, with a trade-off between E and pulse width. 28 LMA fibers were also used to amplify SWNT mode-locked pulses to P avg = 1.5 W, E = 67 nJ. 29 However, as discussed above, this approach is prone to losses. 4 Also, mode-matching LMA and single-mode fibers increases cost, eliminating the advantages of the fiber waveguide format. 6, 10 Here, we demonstrate a compact high-power fiber laser based on direct amplification of highly chirped pulses, modelocked by SWNTs from a normal GVD oscillator, with P avg = 1.6 W, E = 65 nJ, P peak = 11 kW. These are comparable to what reported for LMA-based amplification of SWNT mode-locked pulses, 29 but using standard, telecom-grade, single-mode fiber components, with no specially designed fibers nor additional mode-matching devices ͑such as the mode transformer of Ref. 29͒. Furthermore, we generate a much larger chirp by inserting a dispersion component directly inside the cavity, rather than placing it outside, as typically done for the stretcher in CPA systems 3 ͒. This paves the way to much higher amplification, in principle up to MW peak power.
We use a ϳ2 mm 2 SWNT-based saturable absorber prepared as for Refs. 20 and 30. Power-dependent absorbance measurements at 1550 nm give a saturation intensity ϳ18.9 MW/ cm 2 and modulation depth ϳ16.9%. The packaged composite is inserted into a fiber ring cavity. A 3.6 m erbium doped fibre ͑EDF͒ is forward pumped by a 980 nm laser diode through a fused wavelength division multiplexer to provide gain. The EDF is selected to form a normal GVD cavity. It also provides spectral filtering, cutting the pulse temporal wings introduced by normal GVD during intracavity propagation, 7, 10 and keeps the pulse self-consistent, 7, 10 i.e., stable after every cavity round trip. The total cavity length is ϳ8.55 m. A fused 40/ 60 coupler allows 40% of the pulse out of the cavity. Mode-locking self starts at ϳ55 mW pump power, with an output P avg = 4.6 mW and repetition rate f Rep ϳ 24.5 MHz. Figure 1͑a͒ plots centered at ϳ1550 nm, with full width at half maximum ͑FWHM͒ ϳ13.7 nm. This has steep sides, typical of modelocked fiber lasers with significant net normal GVD. [7] [8] [9] 27 Figure 1͑b͒ is a representative second harmonic generation ͑SHG͒ autocorrelation trace. Assuming a Gaussian profile, the deconvolution gives a pulse duration ϳ10.4 ps, with time-bandwidth product ͑TBP͒ ϳ17.8, over 40 times the expected transform limited 0.44. 31 Figure 1͑c͒ shows that the pulses are dechirped to 478 fs after a 46.6 m single mode fiber ͑SMF28͒, with no change of output spectrum. The autocorrelation trace has an increased pedestal, most likely due to the small nonlinearity of the long compensation fiber. 32 Figures 1͑b͒ and 1͑c͒ show that the pulse from the oscillator is over 20 times broader than after external dechirping, going from 10.4 ps to 478 fs, with P peak 20 times lower. Therefore, we expect 20 times less nonlinear effects, being these proportional to P peak . 32 We use a Pritel EDFA to amplify the chirped pulses. The output fiber is a traditional single-mode with ϳ10 m core. The input P avg ϳ 7 mW. Figure 2 plots typical characteristics of the amplified pulses with output P avg = 0.6 W. Figure 2͑a͒ shows that the output spectrum has steep sides, derived from the pulses seeded from the oscillator. The amplified pulses duration is ϳ13.3 ps. Figure 2͑b͒ plots the SHG autocorrelation trace after 31.5 m single mode fiber. Its FWHM ϳ464 fs corresponds to ϳ328 fs for a Gaussian profile. 31 In Gaussian pulses P peak ϳ͑0.94ϫ P avg ͒ / ͑ ϫ f Rep ͒. 4 From the compressed pulse width 328 fs and P avg = 0.6 W, the maximum achievable P peak is ϳ70 kW. After compensation, an increased pedestal is observed, likely due to the nonlinearity during amplification and dechirping. The maximum output is P avg = 1.6 W, with no pulse breaking, E = 65 nJ and P peak = 11 kW. P avg is only limited by our amplifier saturation, and P avg up to tens of Watts would be possible using a higher saturation amplifier. P peak is limited by nonlinear distortion, which results in incompressible pulses. 32 Higher P peak is realizable by seeding even larger chirped pulses to further decrease the nonlinearity. Refs. 13, 14, and 27 reported SWNTbased highly chirped fiber oscillators at ϳ1 m, with up to ϳ750 times the transform limited duration. 13 In principle, this could enable P peak exceeding MWs. Fiber lasers are very sensitive to temperature variations and fiber bends. 4 We tested stability over a noncontinuous period of 4 months, finding no degeneration. Figure 3 plots a typical, stable optical spectrum recorded without temperature and vibration control over 2 h. The stability can also be probed using radio frequency ͑rf͒ measurements of the output.
33 Figure 2͑c͒ plots the rf spectrum. A signal-to-noise ratio of 77 dB ͑10 7.7 contrast͒ is observed, highlighting the low-amplitude pulse fluctuation from oscillator and amplifier.
In conclusion, SWNTs enable highly chirped pulses in a compact ultrafast source based on direct amplification. Our system only uses single-mode fibers and standard telecom components, representing an economic and compact alternative for high-power applications, such as micromachining and laser surgery.
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